Abstract: Beginning in April 2016, a series of shallow, moderate to large earthquakes with associated strong aftershocks struck the Kumamoto area of Kyushu, SW Japan. An M j 7.3 mainshock occurred on 16 April 2016, close to the epicenter of an M j 6.5 foreshock that occurred about 28 hours earlier. The intense seismicity released the accumulated elastic energy by rightlateral strike slip, mainly along two known, active faults. The mainshock rupture propagated along multiple fault segments with different geometries. The faulting style is reasonably consistent with regional deformation observed on geologic timescales and with the stress field estimated from seismic observations. One striking feature of this sequence is intense seismic activity, including a dynamically triggered earthquake in the Oita region. Following the mainshock rupture, postseismic deformation has been observed, as well as expansion of the seismicity front toward the southwest and northwest.
An earthquake represents the abrupt release of elastic energy accumulated within the Earth through relative displacement (slip), typically along a fault. The Japanese archipelago experiences frequent large earthquakes (Figs. 1 and 2), because the convergence of several oceanic and continental plates results in the rapid, widespread accumulation of elastic energy. Figure 1 shows the distribution of high-quality earthquake locations determined by the Japan Meteorological Agency (JMA) from 2003 to 2015, located using a dense network of seismic stations 1) (e.g., Hi-net). The average number of annual earthquakes with M j 6 2.0 (JMA magnitude) is 930,000, which ranks Japan among the world's most seismically active countries. Many earthquake clusters are associated with large, shallow crustal earthquakes and/or huge earthquakes in subduction zones (Fig. 1 ). Earthquake activity in Northeast Japan has been reasonably intense during the past 13 years, primarily due to megathrust earthquakes along the subducting Pacific Plate, such as the 2011 TohokuOki and 2003 Tokachi-Oki earthquakes. Similarly, Southwest Japan has experienced many megathrust earthquakes along the subducting Philippine Sea Plate (the recurrence interval ranges from 100 to 150 years), although recent seismicity appears less intense than in Northeast Japan, due to a gradual strain accumulation during interseismic period (stress build-up stage).
Shallow crustal earthquakes away from plate boundaries occur mainly as a result of the internal deformation of tectonic plates. Although the recurrence interval of each shallow crustal earthquake away from plate boundaries is longer than that of a megathrust earthquake, the resulting damage is often more devastating due to the proximity of areas vulnerable to strong ground motion. Examples of such damaging events include the 1891 Nobi earthquake (M j 8.0), the 1948 Fukui earthquake (M j 7.1), the 1995 Southern Hyogo Prefecture (Kobe) earthquake (M j 7.3), and the 2004 mid-Niigata Prefecture earthquake (M j 6.8). The average recurrence interval of shallow crustal earthquakes with significant casualties (defined as at least 50 missing or dead) is about 10 years, based on the JMA earthquake (Figs. 3 and 4) . Kyushu has a unique tectonic setting in that the central part of the island is subjected to N-S extensional stress, whereas shallow crust of the Japanese islands is mainly affected by compressive regional stress. 4),5) Extensional deformation runs E-W across central Kyushu from Beppu to Unzen Volcano on the Shimabara Peninsula, resulting in the long-term development of extensive N-S graben structures with a well-developed normal fault system 6),7) (Fig. 3 ). There are two accepted explanations for the driving force of this extensional deformation: northern extension of the opening Okinawa Trough, 8) , 9) and transient variations in the convergence direction of the Philippine Sea Plate. 10) Recent geodetic measurements have revealed that a shear zone, showing right-lateral strike-slip faulting with high displacement rates of 7-8 mm/yr, is locally present along the southern edge of a graben, marking the boundary of a tectonic block. 5),9), 11) Within the graben, relatively large historical events (M j 9 6) have been documented, including the 1889 Kumamoto earthquake 12) (Fig. 3 ). In addition, small to moderate earthquakes, showing characteristics of both strike-slip and normal faulting, are frequently observed by seismic networks. These earthquakes form small clusters confined within the graben.
5),13)
The seismicity of earthquake sequences is commonly categorized into foreshocks, mainshocks, and aftershocks, with assignments made a sufficient amount of time after a sequence has begun to enable an accurate assessment. It is too difficult to accurately determine the temporal position in an ongoing earthquake sequence, 14) as each earthquake has a non-zero probability of being followed by a larger one, as described by the cascade model of seismicity. 15)-18) In the cascade model, a very small event can eventually connect to a larger one by a multiscale stress triggering process. Since the seismicity associated with the recent Kumamoto earthquake has decayed, we designate the M j 6.5 earthquake of 14 April 2016 a foreshock, and the second large earthquake (M j 7.3, 16 April 2016) the mainshock (Fig. 4) .
The Kumamoto earthquake sequence, including the strongest aftershocks, generated severe shaking that caused extensive destruction in central Kyushu. A comparison of the horizontal extent of strong shaking related to the foreshock and mainshock ruptures reveals that the mainshock rupture radiated higher-amplitude waveforms than the foreshock (Fig. 5) . Due to the foreshock and mainshock ruptures, the town of Mashiki, in the Kumamoto area, was hit by shaking with the JMA seismic intensity scale of 7, twice in a short period of time (Fig. 5) . The peak acceleration recorded by surface instruments at Mashiki exceeded 15 m/s 2 (1,500 gal). Strong ground motions were recorded on horizontal component sensors with dominant periods of 1-2 s (Fig. 6 ), close to the natural frequency of wooden buildings, resulting in resonance oscillations that were partly responsible for severe damage to many structures. Strong ground motions with similar dominant periods were recorded during the Southern Hyogo Prefecture (Kobe) earthquake of 1995. 19) The intense seismicity of the earthquake sequence was aligned around a junction of the Hinagu and Futagawa faults, which are among the most active and high-risk faults in Japan (Figs. 4 and 7) . 20) In this article, we summarize seismicity related to the 2016 Kumamoto earthquake based on the spatiotemporal evolution of earthquakes and crustal surface deformation, recorded by a dense nationwide network of seismic 1) (e.g., Hi-net) and geodetic (GEONET) sensors, 21) including high-resolution surface deformation obtained from Synthetic Aperture Radar interferometry (InSAR). (M w ) estimated for the foreshock was 6.2. Geodetic measurements using GNSS and InSAR data provided a robust source model of the foreshock rupture, including the subsequent M j 6.4 earthquake. The M j 6.5 earthquake could be explained by right-lateral slip on a nearly vertical WNW-dipping fault, which is reasonably consistent with the CMT solution. The strike of the estimated source fault was nearly parallel to the surface trace of the Hinagu Fault. The amount of coseismic slip, fault length, and fault width (dip direction) were estimated from GNSS and InSAR data to be 1.1 m, 12.8 km, and 6.4 km, respectively (Table 1 and Fig. 8 ). The faulting style of the foreshock is a good match to both the regional deformation observed on geologic timescales and the regional stress field estimated from seismicity in the study area 4),5) (Figs. 3 and 9).
Immediately following the M j 6.5 foreshock, the seismicity fronts of subsequent aftershocks migrated along the fault strike and dip, including propagation toward the mainshock nucleation point. 22 ) Similar aftershock migration patterns were observed immediately after the 2004 M w 6.0 Parkfield earthquake on the San Andreas Fault, the 2007 M w 6.7 Noto Hanto earthquake in Japan, and the 2010 M L 6.4 Jiashian earthquake in Taiwan. 23)-25) These migration patterns are considered the result of propagation of aseismic slip transients (afterslip) around the large slip patch of each mainshock rupture.
23)-25) Because aseismic slip redistributes shear stress into the surrounding rock volume, the migration of aseismic slip effectively loaded the mainshock nucleation point, bringing the mainshock fault closer to failure. The propagation of aseismic slip thus appears to play a role in the buildup of shear stress on nearby fault segments, pushing them closer to failure. (Fig. 4) . As with the foreshock, the faulting style of the mainshock was highly consistent with inferred regional deformation patterns on geologic timescales, as well as the regional stress field of the study area (Figs. 3 and 9) . The fault strike associated with the mainshock rupture is rotated by 912°NE with respect to the foreshock fault plane. The mainshock rupture nucleated around the northwestern tip of the foreshock area and propagated mainly along the active Futagawa Fault, as determined from an analysis of strong motion data. 28) Surface ruptures were clearly recognized, mainly along the Futagawa Fault and the northernmost segment of the Hinagu Fault; their total length reached 930 km (Kumahara et al., in preparation). Immediately after the M j 7.3 mainshock, seismicity spread from the foreshock alignment (Fig. 7) . In addition, the mainshock immediately triggered widespread seismicity along the northernmost section of the Hinagu Fault and the northeastern extension of the Futagawa Fault, including the north flank of Mount Aso volcano and the area around Oita (Fig. 7) . After the mainshock rupture, the aftershock area gradually expanded to the southwest and northwest (broken lines in Fig. 7) , a similar pattern to that which followed the M j 6.5 foreshock rupture. 22) Geodetic measurements using GNSS and InSAR data revealed that the mainshock rupture occurred along multiple fault segments with different geometries (Fig. 10) . At least three fault segments (A1, A2, and B in Figs. 10 and 11) are required to explain the surface deformation caused by the sequence (Table 1) . Most of the elastic energy was released from the longest fault segment, designated A1 (length 9 20 km), which dips to the northwest at 60° (  Figs. 10 and 11 ). The average slip along fault A1 was estimated at 4.1 m. The surface extension of A1 corresponds well to surface ruptures along the Futagawa Fault. An important finding of the geodetic inversion was that a significant normal slip component was required along this fault segment, comparable to the strike-slip component (Fig. 11) . Due to this normal faulting movement, the northwestern side of the active fault trace subsided after the mainshock.
Fault B, which shows dominantly right-lateral strike slip, is located along the northernmost segment of the Hinagu Fault, close to the host fault of the foreshock rupture (Figs. 8 and 10) . However, the width of the mainshock fault plane extends much deeper than the foreshock rupture plane. In addition, the average slip amount along fault B is estimated to be 93 m, but we caution that the slip amount on this fault includes coseismic slip from both the M j 6.5 foreshock and the subsequent M j 6.4 earthquake with an estimated combined total of 1.1 m (Table 1 and Fig. 8) . Although it is difficult to judge whether the same fault plane slipped twice during two different large events, we suppose that slightly different fault planes within the Hinagu Fault system could have slipped during each major earthquake rupture. To clarify this point, more detailed rupture modeling will be the subject of future work.
Fault A2, which shows dominantly right-lateral strike slip movement, is located within the caldera of Aso volcano. This fault dips to the southeast, opposite to the other faults (A1 and B) ; consequently, it may be a conjugate fault plane of A1. The average slip amount along fault A2 is estimated to be 93.8 m (Table 1) . Due to dilatation associated with strike-slip faulting along faults A1 and A2, Mount Aso expanded volumetrically, mainly in the eastwest direction (Figs. 10 and 11) . Indeed, the summit of Mount Aso subsided by 920 cm after the mainshock rupture. It has been proposed that volumetric expansion induced by megathrust earthquakes at subduction zone volcanoes can be sometimes linked to eruptions. 29) Volumetric expansion of a magma system often denotes an increase in magma overpressure due to volatile exsolution, bubble growth and mingling of different magmas etc., which can ultimately lead to new or more explosive eruptive activity. 29) Therefore, it is important to maintain careful monitoring of Mount Aso with continuous seismic and geodetic observations in the future.
It is notable that there were few aftershocks at both the eastern edge of the fault A1 and the fault A2; i.e., at the eastern part of the mainshock rupture area (Figs. 7 and 10 ). There are two plausible explanations for the paucity of aftershocks. The first assumes a heterogeneous distribution of coseismic slip on the fault segments during the mainshock rupture. Numerous previous investigations worldwide have found evidence that aftershocks are quite rare in high slip regions; instead, they seem to occur mostly outside, or peripheral to, high slip zones.
30)-32)
This is because a zone of high slip releases nearly all of its elastic energy, leaving little to trigger additional earthquakes. Alternately, it is possible that high temperatures in the caldera prevented the generation of aftershocks at both the eastern edge of the fault A1 and the fault A2. It is generally difficult for earthquakes to nucleate at temperatures of >300-350°C, due to enhanced slip stability in the brittle-ductile transition zone. 33 ),34) Indeed, long-term seismic mon- The 2016 Kumamoto earthquake sequence No. 8] itoring has suggested that the cutoff depth for shallow crustal earthquakes corresponds to an isotherm of 9350°C.
35),36) These observations support the idea that higher temperatures likely inhibit unstable dynamic slip along faults (i.e., earthquakes).
Intense aftershocks
One striking feature of the M j 6.5 foreshock was intense aftershock activity, including the M j 6.4 earthquake only 93 hours after the foreshock rupture, in spite of the moderate foreshock magnitude. Figure 12 shows temporal changes in the cumulative number of aftershocks following each major earthquake at shallow crustal depths (M j 6 3.5). Usually, there is a rough positive correlation between the mainshock magnitude and the number of aftershocks. However, the cumulative number of aftershocks was higher for the M j 6.5 foreshock than for the 1995 M j 7.3 Kobe earthquake, despite the vastly different seismic energies radiated by the two events (the latter was 916# larger than the former).
After the mainshock rupture, the total number of aftershocks again increased, and finally exceeded the number associated with the 2004 M j 6.8 midNiigata Prefecture earthquake (Fig. 12) . Based on aftershock alignments and crustal structure investigated by dense observations of aftershocks following the 2004 mid-Niigata Prefecture earthquake, 37), 38) it appears that many pre-existing faults are buried beneath the thick sedimentary basin of the Niigata region. Most of these faults formed as normal faults beneath a back-arc basin in a rift structure that developed during the opening of the Japan Sea (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Parts of the normal faults have subsequently been reactivated as a reverse fault system, since the extensional tectonic stress regime changed to compressional in the late Pliocene (2-3 Ma) through a process of compressional inversion. 39) Stress perturbations from the 2004 mid-Niigata Prefecture earthquake reactivated many faults within the rift system, resulting in intense aftershock activity. Analogously, our interpretation with respect to the Kumamoto sequence is that many aftershocks were caused by the simultaneous reactivation of pre-existing faults in the crust, which formed in association with development of the graben structure in central Kyushu (Fig. 3) . Representative focal mechanisms of earthquakes from the Kumamoto sequence are similar to those observed before the event (Fig. 9) ; this observation also supports the hypothesis that the Kumamoto sequence reactivated numerous pre-existing faults in the shallow crust.
Dynamically triggered earthquake at Oita
Reexamination of seismograms recorded in the Oita area reveals that an M j 5.7 earthquake took place at 01:25:37 JST, 16 April 2016, during the passage of surface waves radiated by the mainshock. The delay with respect to the mainshock origin time was only 32 seconds. Seismograms recorded in the Oita area contained high-amplitude waveforms with dominant high-frequency components just after the mainshock S-wave arrival (Fig. 13) . The relative richness of the high-frequency energy indicates an additional local earthquake occurred in the Oita area, far from the mainshock rupture. The simultaneous occurrence of an M j 5.7 earthquake during wave propagation indicates that the second event was triggered by oscillatory "dynamic" deformation resulting from seismic waves radiated by the mainshock rupture.
40),41) Dynamic triggering of earthquakes has been observed elsewhere on Earth: in particular, geothermal and volcanic regions are susceptible to local earthquake triggering by large, distant regional events.
42) The most notable example yet recorded was an abrupt increase in moderate to large earthquakes (magnitudes 5.5-7.0) on a global scale immediately after the 2012 M w 8.6 Off-Sumatra earthquake, due to the strong surface waves. 43) In the Oita area, there are several geothermal plants, such as the Hachobaru Geothermal Power Plant. The local geothermal activity therefore indicates increased susceptibility to dynamic triggering of local earthquakes. A previous study suggested that the 2007 seismic swarm in the Oita region was linked to deep fluid circulation, based on temporal variations in seismic velocity close to the earthquake swarm. 44) Fluid circulation increases fluid pressure and thereby reduces fault strength. Thus, it is inferred that fault strength in the Oita region is relatively weak due to active fluid circulation compared with the surrounding area. Such weakened faults are sensitive to external stress perturbations, and are more likely to slip during the passage of high-amplitude seismic waves. Similarly, low-frequency earthquakes and tectonic tremors in subduction zones 18),45), 46) are often excited by the passage of seismic waves from distant earthquakes. 47 ),48) Investigations of deep seismic structure have suggested that high-pressure fluids near plate boundaries are involved in the generation of low-frequency earthquakes. 46 ),49) Therefore, fault weakening by an increase in fluid pressure is a key factor in estimating the likelihood of dynamic triggering in a variety of tectonic environments.
Postseismic deformation following the M j 7.3 mainshock rupture
Following the mainshock rupture, postseismic surface deformation was identified using regional observations with the GNSS network. Postseismic deformation is often detected after large earthquakes in subduction zones and/or the shallow crust.
50)-56) The postseismic deformation following the Kumamoto earthquake is consistent with right-lateral strike motion (Fig. 14a) , similar to that of the mainshock rupture. Postseismic surface displacement increased as a logarithmic function of time, and reached to be 92 cm at the largest station in about 3 weeks from the mainshock (Fig. 14b) . This deformation could have been driven by two main factors: afterslip along the mainshock fault plane (around the large coseismic slip area), and viscoelastic flow in the mantle beneath the source region. 54 detected at shallower depths along the mainshock fault plane by studying temporal changes in GNSS data. 51), 52) In addition, GNSS data revealed that viscoelastic relaxation in the mantle caused by the 2008 Iwate Miyagi Nairiku earthquake continued for over 2 years. 53) Such postseismic deformation driven by inland earthquake continues for more or less several years. In the subduction zone, after the 2011 M w 9.0 Tohoku-Oki earthquake, significant ongoing surface deformation is still observed from the Tohoku region to the Kanto region, even though more than 5 years have passed.
55),56)
Preliminary long-term estimates of earthquake probabilities
The northernmost segment of the Hinagu Fault system hosted the M j 6.5 foreshock rupture. The faulting style was consistent with preliminary evaluations of active faults conducted by the Earthquake Research Committee of the Headquarters for Earthquake Research Promotion in the Ministry of Education, Culture, Sports, Science and Technology. 20) However, the earthquake magnitude inferred from the evaluation was M j 6.8, larger than the M j 6.5 foreshock. The Earthquake Research Committee estimated an unknown probability of an M j 6.8 earthquake within the next 30 years along the northernmost segment of the Hinagu Fault, due to the lack of long-term observations.
The Futagawa Fault radiated most of the seismic energy during the M j 7.3 mainshock. The A1 fault has a similar geometry and length to preliminary estimates. 20 estimated to be 0-0.9%; however, sequential fault ruptures along the Futagawa and Hinagu faults were not considered in this evaluation. Furthermore, fault A2 in Aso caldera was not considered, because its surface trace lies within the caldera and therefore could not be identified by previous investigations. Thus, to some extent, there is a lack of confidence in the preliminary evaluations of fault dimensions and magnitudes of future earthquakes. The probability of an earthquake within the next 30 years on an active fault tends to be considerably lower than that of a megathrust earthquake in a subduction zone, because the recurrence interval of each active fault is usually at least 500-1,000 years. Sometimes, shallow crustal earthquakes occur along blind faults, which cannot be identified from surface investigations alone. Overlooking such faults leads to a systematic underestimation of earthquake probabilities. Furthermore, the density of pre-existing faults is high in the Japanese islands, for reasons discussed in detail above. To minimize these problems, the Earthquake Research Committee published the regional probabilities for an M 6 6.8 earthquake within the next 30 years for three separate regions of Kyushu (northern, central, and southern). Each regional probability was an integrated estimation of the probability of earthquake generation based on a combination of long-term activity on known active faults and recent seismicity within each region. By region, the regional probability estimates were 7%-13%, 18%-27%, and 7%-18% for northern, central, and southern Kyushu, respectively. Notably, the central and southern regions, where the 2016 Kumamoto earthquake sequence occurred, had relatively high regional probability in Kyushu.
Based on historic Kyushu earthquake records, magnitude 6 earthquakes tend to cluster temporally within several years of the first large earthquake (Fig. 3) . During the 2016 Kumamoto earthquake sequence, both magnitude 6 and 7 earthquakes took place, with relatively short delay times between events. Hence, this observation underscores the importance of continuously monitoring seismicity and surface deformation in order to understand the interplay between large earthquakes. In the Japanese islands, most locations have a non-null probability of strong shaking due to a shallow crustal earthquake, due to both the large number of pre-existing faults (including blind faults) and the high rate of earthquake generation (Fig. 1) . It is thus of crucial importance to protect our society against potential earthquake disasters by encouraging appropriate engineering and construction practices. Most casualties from shallow crustal earthquakes arise from the collapse of buildings and other constructions. Through well-designed, rigidly implemented, and strictly enforced building codes, the casualties from earthquakes can be minimized. 14) 
